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Abstract 
Commercial strain gauges obtain a gauge factor of approximately 2 with a compensated temperature coefficient of resistivity 
(TCR). Therefore, material development for sputtered thin films with a high gauge factor and negligible TCR was conducted. 
The object for self compensated sensor materials is the combination of a semiconducting material (negative TCR) with high 
gauge factor and a metal (positive TCR) leading to a TCR close to zero. With nickel containing diamond-like carbon films (Ni-
DLC or a-C:H:Ni) and Ag-ITO compounds zero crossing in TCR and gauge factors higher than 10 were achieved. 
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1. Introduction 
Strain gauges are used in many different applications for measuring forces, strain, momentum or pressure. 
Typically polymer based foil strain gauges are glued onto the extending surface. The resulting signal therefore is 
altered by temperature and humidity due to swelling and creep of the polymer materials and the glue. By using 
sputtered strain gauges that are directly coated on the work pieces these effects are eliminated. Furthermore material 
development will improve the strain sensitivity combined with a compensated TCR. 
DLC (diamond-like carbon) based sensors were investigated in recent years due to their high gauge factor and 
wear resistance [1]. Adding metal (TCR > 0) to the DLC coating (TCR < 0) obtains the chance for thermal 
compensation of the resistance. Especially for Ni-DLC (a-C:H:Ni) a considerably high strain sensitivity compared to 
the gauge factor of approximately 2 as typical for metals is reported also by Schultes et al. [2]. Since Me-DLC films 
are manufactured in a combined PVD/PACVD process several factors influence the resulting film properties. 
Therefore, the influence of the process parameters on resulting sensor properties of the films was investigated.  
Besides Me-DLC also indium tin oxide (ITO) films with added metal components are promising materials for 
self compensated strain gauges. For high temperature applications up to 1000 °C a nearly compensated TCR with 
gauge factor exceeding 20 was reported by Gregory et al. for Pt-ITO films [3]. First investigations of Me-ITO films 
with Ag as metal component are published by Gerdes et al. [4]. 
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 2. Sample preparation and characterization 
Me-DLC films were deposited using a Balzers BAS 450 sputtering system with target sizes of 10” x 5”. A 
reactive DC magnetron sputtering process was applied for Ti (99.8 %) and W (99.9 %) while RF magnetron 
sputtering was used for Ni (99.9 %) deposition in an Ar/C2H2 atmosphere at a working pressure in the range of 0.5-
2 Pa. The base pressure of the system was well below 1x10-5 mbar. Ti-DLC and W-DLC films were deposited 
dynamically under substrate rotation while Ni-DLC was deposited statically. The DC power applied at the target for 
deposition was 1500 W for W-DLC and 2000 W for Ti-DLC. Ni-DLC was deposited with an applied RF power of 
750 W. Additionally the substrates were in most cases RF-biased in the range of 30-100 V. 
Ag-ITO layers were deposited in a DC magnetron co-sputtering process whereas two targets are facing the 
substrate simultaneously. The base pressure was also well below 1x10-5 mbar and the working pressure in Ar-
Plasma was 0.5 Pa. The desired composition was adjusted by varying the power of each target separately (power 
range: 0 to 800 W). The used targets had a diameter of 4” each and a purity of 99.99 %. 
The film thickness in the case of Me-DLC layers was between 1.0 µm and 1.4 µm and for the Ag-ITO layers 
approximately 150-250 nm. Both strain gauge systems were deposited on ceramic substrates (Al2O3, thickness 
0.38 mm, 60 mm x 20 mm, surface roughness Ra = 0.1 µm). The sensor films were prepared with two different 
patterns for characterisation using metal shadow masks (thickness 0.5 mm). The first test structures were three 
squares (each 11 x 11 mm2), the second four stripes (each 44 x 2 mm2). Additionally the contacts of the films were 
coated with 200 nm Cr and 350 nm Au. The masks and resulting film structures are shown in Fig. 1a. The chemical 
composition of the layers was determined by electron probe micro-analysis (EPMA) and the film thickness by 
profilometry. 
 
 
 
 
Fig. 1. (a) Shadow masks and resulting film structures. (b) Principle for gauge factor measurement. 
 
For sensor characterisation Kelvin (4-wire) resistance measurement was used. The resistance of the contacts and 
its temperature dependent change was subtracted from the measured value. The TCR was calculated from the 
measurement of the resistance R of two stripes or one square during cooling from approximately 150 °C to 50 °C. 
For calculation of the gauge factor k a defined strain ε had to be applied to the substrate. This was realised by 
bending the coated test substrates to a defined radius of rK= 750 mm. The principle is shown in Fig. 1b. The neutral 
axis’ length L0 is constant. Therefore, the change in length ∆L is the difference between the length of the bended 
substrate and the length of the neutral axis. This allows the calculation of the gauge factor according to Eq. (1), 
where R0 is the resistance without any strain applied and dS the thickness of the substrate.  
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3. Me-DLC as sensor layer 
The electrical properties of some Me-DLC films are well investigated [5], but mostly their strain sensitivity has 
not yet been studied. To address this point different metals (W, Ti, Ni) in various concentrations were added to the 
DLC matrix. Fig. 2a shows the gauge factor in dependence of the metal concentration referred to the total 
concentration of metal and carbon. The concentrations were varied between 30 and 80 at% which was realised by a 
variation of the C2H2 concentration. Under the applied conditions only Ni-DLC reached a gauge factor exceeding 2. 
The maximum gauge factor for Ni-DLC in the first studies was 6.8. To reach higher strain sensitivity the influence 
of the substrate bias and the working pressure on the gauge factor of Ni-DLC were investigated. It turned out that a 
low substrate bias in the range of 30-50 V and a pressure of 2 Pa led to the highest gauge factors. These optimized 
values in strain sensitivity are also shown in Fig. 2a (). With a Ni content of approximately 60 at% a gauge factor 
of approximately 12 was reached. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. (a) Gauge factor of different Me-DLC films in dependence of metal content; substrate bias: 100 V (RF); working pressure: 1 Pa; 
optimized: 30 V, 2 Pa. (b) TCR of Ni-DLC in dependence of Ni content for different process parameters. 
 
The TCR versus Ni/(Ni+C) is shown in Fig. 2b. The TCR depends mainly on the Ni content of the film and zero 
crossing of the TCR occurs at approximately 55 at% Ni/(Ni+C). In Ni-DLC films with less than 55 at% metal the 
semiconducting behaviour of the DLC is dominating the TCR resulting in negative values. Films with more than 
55 at% Ni show a positive TCR corresponding to the positive TCR of pure Ni. The TCR of pure Ni is approximately 
+6500 ppm/K as reported by Robinson [6]. In Ni-DLC films the positive TCR for pure Ni and the negative TCR for 
DLC compensate each other. Hence, for maximum accuracy during strain measurements with strain gauges made of 
Ni-DLC films a Ni content of approximately 55 at% has to be reached. 
4. Me-ITO as sensor layer 
While first investigations of Me-ITO composite are published on Pt-ITO [3], first steps at Fraunhofer IST were 
made with Ag-ITO composite [4]. The TCR versus the Ag content in the ITO films is shown in Fig. 3a. The 
absolute value of TCR increases up to approximately 20 at% Ag showing increasing semiconducting behaviour. 
Therefore, defects and grain boundaries are assumed to be the reason for this effect. With further increase in Ag 
content the TCR rises and shows a zero crossing of the TCR for an Ag content of approximately 40 at%. At this 
point the optimum composition for strain measurements at variable temperature ranges is reached. For higher Ag 
concentration the TCR becomes positive and shows further increase. 
For improved sensitivity the gauge factor of the strain gauge has to be maximized. Fig. 3b shows a negative 
gauge factor for pure ITO, i.e. by bending the test substrate the resistance was reduced. While increasing the Ag 
content up to approximately 5 at% the gauge factor increases and finally reaches zero. The highest negative value of 
TCR as well as the highest measured gauge factor of +6.5 is reached at approximately 20 at% Ag. Further increase 
in Ag content leads to decrease of the gauge factor finally along with 2 as it is typically for metals. 
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Fig. 3. (a) TCR and (b) Gauge factor of ITO-Ag as function of the Ag content in the ITO matrix. 
5. Conclusion  
Me-DLC films with three different added metal components (W, Ti and Ni) were investigated. Only for Ni-DLC 
films a zero crossing of the TCR and a gauge factor exceeding k = 2 was observed. Optimizations of process 
parameters led to strain gauges with gauge factors > 10 and a TCR near zero. As preliminary tests show further 
improvement of the gauge factor is expected by deposition at higher temperatures. It can be assumed that for Ni-
DLC, the potential for the gauge factors is round about 20 combined with a TCR near zero. Therefore, Ni-DLC 
films are well designed to meet the demands for highly sensitive strain measurements which are mainly independent 
of the ambient temperature. 
Ag-ITO with a varying Ag content changes the strain gauge characteristics drastically. The gauge factor reached 
values between -4 and +7 saturating at a value of 2 for high Ag content. The TCR was at first negative, with a 
minimum value of -5000 ppm/K at 20 at% Ag crossing zero for approximately 40 at% Ag and finally approaching 
+1500 ppm/K for Ag dominated films. But the compensated TCR is not overlapping with the highest gauge factors 
for a defined Ag concentration. For TCR = 0 the resulting gauge factor was approximately 2.5. Different Me-ITO 
composite are currently investigated on their suitability as a strain gauge material. 
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